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INTRODUCTION
Predicting the nucleation of vapor bubbles in liquids (i.e., cavitation inception) has been a challenge in cavitating flow problems, for the inception pressure severely depends on the contamination of liquids [1, 2] . In practice, cavitation starts from weakness (such as stabilized gas bubbles) at solid boundaries or in flow under decompression. In general, the decompression is realized either hydrodynamically [1] or acoustically [2] ; the isotropic component of stress (i.e. thermodynamic pressure) is used to define cavitation inception thresholds. In flow, more rigorously, the stress can be nonisotropic so that the liquid may possibly be ruptured by shear stress [3] [4] [5] . Here, we present an experimental technique to observe cavitation inception on micron scales; a shock wave is created within a sessile water drop so as to investigate the effects of shock interaction with solid boundaries as well as air-water interfaces. In what follows, we summarize the experimental procedure and document examples of shear-induced cavitation as well as acoustic cavitation. Figure 1 . Schematic of the experimental setup. (A) The optical system for focusing laser pulses into a DI water drop on a microscope glass slide. (B) Side view of the evolution of a laser-induced shock wave and vapor bubble (t 0 < t 1 < t 2 ).
EXPERIMENTAL SETUP
The experimental setup is similar to that of [6] and consists of optical systems for visualizing wave evolution and the subsequent nucleation of vapor bubbles in a droplet of air-saturated, deionized (DI) water on a commercial microscope glass slide whose static contact angle is approximately 17 • (see Fig. 1A ). An infrared (IR) laser pulse of 1064 nm wavelength, 1.4 mJ energy and 7.5 ns duration is focused through a microscope objective (40×, NA = 0.8) into the sessile drop just above the glass surface, so that the laser-induced shock and vapor bubble are fairly semispherical [7, 8] . Shock interactions with material interfaces (such as the glass surface and the air-water interface) and the subsequent bubble nucleation are captured using a CCD camera with a single exposure of a green laser pulse of 532 nm wavelength and 7.5 ns duration. A delay in the illumination is controlled by varying the length of an optical fiber through which the green laser pulse passes.
In our preceding work [6] , the pressure field is numerically inferred from the measured evolution of the spherical shock and bubble (with the same IR laser energy); Euler flow simulations [9] [10] [11] are performed to replicate the shock dynamics. An estimate of the pressure and velocity fields at representative times (after the laser focusing) is plotted in Fig. 2 for analyses in the following section.
RESULTS AND DISCUSSION
An example of the images of a laser-induced (hemispherical) shock wave and bubble at different times is shown in Fig. 3 . For simplicity, the case without the interaction of the shock and air-water interfaces is presented. The bright spot within the bubble results from plasma emission. The shock front (denoted by black arrows) is identified as a dark fringe. At 33 ns and 48 ns after the laser focusing (Fig. 3A, B) , the nucleation of micron- sized vapor bubbles at the glass surface is identified in the vicinity of the shock front at which the thermodynamic pressure is definitely positive (compression). These nucleated bubbles collapse and condense back into the liquid shortly after the shock passage. However, at 74 ns (Fig. 3C) , bubble nucleation does not occur near the shock front. We attribute this bubble nucleation to shear-induced cavitation as explained below.
The flow of Newtonian fluids (such as water) without body forces is governed by
where ρ is the density and u i is the velocity in the direction x i . The stress tensor is given by (see for example [12] )
where p is the (thermodynamic) pressure, δ i j denotes the identity tensor, and μ and λ are the first and second coefficients of viscosity, respectively. Values of λ for water are frequency-dependent and seem larger than the shear viscosity μ [13] . It is conventional to determine cavitation inception thresholds based only on the pressure (i.e., isotropic components of the stress tensor). However, it may be more appropriate to account for the effect of viscous stress components on cavitation inception in shear flow. In the example presented in Fig. 3 , there exixts a boundary layer at the glass surface after the shock passage. Hence, the flow within the boundary layer is subject to shear stress τ = ∂ u/∂ x (where the flow is assumed aligned with the surface). Components of the stress tensor in such simple shear flow are then written as
where the viscous stress associated with volumetric changes (i.e., λ ∂ u k /∂ x k ) is ignored, for its contribution may be confined within shock discontinuities [14, 15] . If the coordinate system is rotated through 45 • , the stress components become
where the prime implies the new coordinates. This means that the fluid element is stretched at 45 • from the flow direction. In this case, the condition for cavitation inception may be defined as [3, 4] 
where σ cav is the threshold value that can vary between homogeneous and heterogeneous nucleation. To infer shear stress at the glass surface in Fig. 3 , the flow (impulsively driven by the shock wave at t = 0) is assumed uniform with constant velocity U. The resulting boundary layer flow can be considered as the so-called Stokes' first problem; the velocity profile is described by the error function:
where y is the vertical distance from the surface and ν is the kinematic viscosity of the liquid. Thus, the wall shear stress is evaluated by
That is, the shear stress is initially singular (t = 0), but regularized at later times and shows a decay as the boundary layer grows (t > 0). In Fig. 4 , the wall shear stress is calculated with U = 120 m/s, μ = 10 −3 Pa · s and ν = 10 −6 m 2 /s, which may replicate the flow driven by the shock wave at 33 ns (see Figs. 2B and 3A) . According to Eq. (5), shear stress of 100 MPa and above is required to overwhelm the (isotropic) shock compression and thus induce bubble nucleation at the wall. It follows that such strong shear stress at the wall can be achieved up to picoseconds. Obviously, the duration of such strong wall shear gets shorter with decreasing the shock-induced velocity U, so that bubble nucleation is less likely as the shock evolves (see Fig. 3C ). It is necessary to note, however, that stretching the liquid in only picoseconds may be insufficient to account for the growth of the micron-sized bubbles. Another issue is the deformation of the glass slide under shock compression that may contribute to the reduction in the liquid pressure. Finally, we consider the case of the shock wave interacting with air-water interfaces. In Fig. 5 , the IR laser pulse is focused into the water neighboring the rim of the drop. In this case, the laser-induced shock wave reflects, as a tension wave due to acoustic impedance mismatch [16] , at the air-water interface as illustrated in Fig. 1B ; the tension wave then reflects again as tension at the glass surface. Such wave reflection repeatedly continues within the thin liquid layer. As a result, the cavitating region is extending as the wave evolves and the cavitation bubbles at the surface show growth and coalescence during the measurement period. Now that the duration under the acoustically induced stretching is much longer than that from the shear-induced stretching, the acoustic cavitation event is fairly intensive. It is also important to note that the nucleated bubbles seem to initially have a similar size (Fig. 5A ), but a cloud of the growing cavitation bubbles is polydisperse due to random coalescence events (Fig. 5B) . This experimental observation suggests a need to incorporate the effect of polydispersity (as well as bubble coalescence) for more accurately simulating bubbly cavitating flows [17] [18] [19] .
CONCLUSIONS
An experimental technique has been developed to study the nucleation of vapor bubbles in water on micron scales. A laserinduced shock wave was created in a sessile water drop on a glass surface and the subsequent bubble nucleation at boundaries was observed. It is demonstrated that the water may be ruptured by strong shear stress at the glass surface at which the thermodynamic pressure is positive (compression) after the shock passage. More intensive cavitation events involving the coalescence of growing nucleated bubbles were achieved through wave interaction due to acoustic impedance mismatch. These small-scale observations can shed light on the detailed process of cavitation inception and contribute to improvements in physical modeling of bubbly cavitating flows.
